Ultimate sensitivity for quantum magnetometry using nitrogen-vacancy (NV) centers in diamond is limited by number of NV centers and coherence time. Microwave irradiation with a high and homogeneous power density for a large detection volume is necessary to achieve highly sensitive magnetometer. Here, we demonstrate a microwave resonator to enhance the power density of the microwave field and an optical system with a detection volume of 1.4×10 −3 mm 3 . The strong microwave field enables us to achieve 48 ns Rabi oscillation which is sufficiently faster than the phase relaxation time of NV centers. This system combined with a decoupling pulse sequence, XY16, extends the spin coherence time (T2) up to 27 times longer than that with a spin echo method. Consequently, we obtained an AC magnetic field sensitivity of 10.8 pt/√Hz using the dynamical decoupling pulse sequence. Dynamical decoupling of the large detection volume for extension of the spin coherence time beyond spin echo limit is necessary to extend its sensitivity limit. As for a single NV center, the dynamical decoupling sequences have been utilized to improve the spin coherence time and thus a magnetic sensitivity [8] . For driving the large volume of the NV ensembles, spatial inhomogeneity of the microwave field creates different Rabi oscillations of each NV center, causing rapid decays of the average signal from the NV ensemble. Therefore, the spatial homogeneity of the microwave field in the decoupling sequence becomes important. Furthermore, the Rabi oscillation faster than phase coherence time T2* is critical to reduce the control error of the dynamical decoupling pulses. Thus, uniform and strong microwave driving is essential to achieve the dynamical decoupling for the large detection volume. In previous reports, the microwave irradiation of the large detection volume of the ensemble NV centers was performed by means of a spin echo sequence only [7, 9] .
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Ensemble nitrogen-vacancy (NV) centers in diamond are expected to reach a magnetic sensitivity in the femto-tesla range at room temperature, required for biological/medical applications including magnetoencephalography [1] [2] [3] [4] . The sensitivity of diamond magnetometer is determined by number of the NV centers, spin coherence time, and detection efficiency [5, 6] .
Pioneering work reported by Wolf et al. achieved the highest AC magnetic field sensitivity of 900 fT/√Hz by enlarging the detection volume to increase the number of the NV centers used for detection. Wolf et al. achieved a detection volume of 8.5× 10 −4 mm 3 , a high detection efficiency of 65 %, and a spin coherence time of 100s obtained by a spin echo sequence [7] .
Dynamical decoupling of the large detection volume for extension of the spin coherence time beyond spin echo limit is necessary to extend its sensitivity limit. As for a single NV center, the dynamical decoupling sequences have been utilized to improve the spin coherence time and thus a magnetic sensitivity [8] . For driving the large volume of the NV ensembles, spatial inhomogeneity of the microwave field creates different Rabi oscillations of each NV center, causing rapid decays of the average signal from the NV ensemble. Therefore, the spatial homogeneity of the microwave field in the decoupling sequence becomes important. Furthermore, the Rabi oscillation faster than phase coherence time T2* is critical to reduce the control error of the dynamical decoupling pulses. Thus, uniform and strong microwave driving is essential to achieve the dynamical decoupling for the large detection volume. In previous reports, the microwave irradiation of the large detection volume of the ensemble NV centers was performed by means of a spin echo sequence only [7, 9] .
In this study, we constructed an efficient microwave and optical system and applied dynamical decoupling pulse sequences to an ensemble of NV centers in a large detection volume of 1.4×10 −3 mm 3 . We used a coplanar waveguide resonator (CWR) with a wide center electrode for strong and uniform microwave irradiation. CWR enhances the microwave field only at the targeted frequency bandwidth and reflects the remaining wideband noise generated by the microwave amplifier. The strong microwave field allowed us to apply a robust dynamical decoupling pulse sequence called XY16 [10] which extended the coherence time of the ensemble NV centers up to 240 μs, which was 27 times longer than that obtained by the spin echo sequence. Consequently, we obtained an AC magnetic field sensitivity of 10.8 pT/√Hz.
The microwave and optical system used in our experiment is shown in Fig. 1(a) . The diamond sample containing NV centers was placed between the microwave resonator and a compound parabolic concentrator (CPC, Edmund Optics) [7] . We used the lowest mode of the resonator with a resonant frequency of 2.832 GHz to operate the NV centers. The quality factor without the diamond sample was 27 which corresponds to a cavity linewidth of 104 MHz. The resonator can effectively drive the (111)-oriented NV centers. Figures 2(a) and (b) show simulation results of the resonant magnetic field around the center of the resonator calculated by a finite element method (COMSOL 5.3). Figure 2(a) shows a two-dimensional plot of the magnetic field of CWR. We can clearly see that the magnetic field concentrates on the center of the central electrode. Compared with a ring-type microwave resonator [11] which was modified for a large detection volume and a 20 μm thin wire which was often used for a confocal microscope setup [12] , our resonator allows maximum microwave field strength for driving a large volume [ Fig. 2(b) First, we measured Rabi oscillation of the ensemble NV centers. Figure 3(b) shows Rabi oscillation of the ensemble NV centers. Measured state flip (π pulse) time was 48 ns which was much faster than the phase coherence time T2
* of 150 ns.
Note that the current Rabi frequency is limited by the saturation of the microwave amplifier.
FIG. 3. (a) CW-ODMR spectrum (dots) and Lorentzian fit (solid line). The resonance dips were split by a 2 mT magnetic field. (b) Rabi oscillation (dots) and damped sine fits (solid line).
This fast π pulse for the ensemble NV centers in large detection volume allowed us to apply the XY16-N pulse sequence which is a N set of 16 rectangular π pulses of 47 dBm consisting of x-y-x-y-y-x-y-x-x-y-x-y-y-x-y-x where x and y indicate the rotation axis of the π pulse and x and y indicate the inverse rotation of x and y [ Fig.4 (a) ], respectively [10] . The XY16 pulse sequence is robust against amplitude error [13] . Similar to the previous report [7] , two pulse sequences were implemented for the noise reduction, as shown in Fig. 4(a) . In this study, however, the last π/2 pulse in each sequence was applied as (π/2) and (-π/2) for the first and second sequence, respectively. The data analysis was performed as follows.
where the width of S1 and S2 (signal regions possessing the information on the spin state of the NV center) was 10 μs, the width of R1 and R2 (reference regions to calibrate the fluctuation of the laser power) was 50 μs [ Fig. 4 (a) ]. The subtraction R from S and (S1-R1) -(S2 -R2) are used to calibrate the fluctuation of the laser power and the microwave power, respectively.
This calculation enables us to achieve scaling of the magnetic sensitivity with a square root of the measurement time Tseq [7] . Finally, we evaluated the sensitivity of the AC magnetic field [8] using the XY16-15 pulse sequence. We repeated the XY16-field was set to 362 kHz. The maximum sensitivity of the signal response, max |dS/dB| = 320000 A/V, was obtained close to the origin of the plot. The standard deviation of the signal δS for the single measurement was 89.4 μV. Thus, the magnetic sensitivity of the AC magnetic field was
where Tseq is 1.47 ms. Figure 5 (b) shows the resolution of the magnetic field δS max | / | as a function of the time. The minimum magnetic field reached 2.7 pT for 74 seconds corresponding to the 50000 times averaging. In the current setup, the magnetic sensitivity is limited by the standard deviation of the signal, which will be improved by utilizing a high-performance detector. In addition, from the viewpoint of the sensor materials, perfectly aligned NV ensembles along the [111] direction [15] will also improve the magnetic sensitivity with a higher ODMR contrast. In conclusion, we developed a microwave resonator to drive the ensemble NV centers in a large detection volume (1.4×10 −3 mm 3 ). The spin coherence time with a dynamical decoupling sequence of XY16-16 reached 240 μs, which is 27 times longer than that obtained by the spin echo method. We obtained an AC magnetic field sensitivity of 10.8 pT/√Hz using the XY16-15
sequence. Further improvement of the magnetic sensitivity is expected by improving the signal stability and the signal contrast.
